Fungal infections are a leading cause of morbidity and death for hospitalized patients, mainly because they remain difficult to diagnose and to treat. Diseases range from widespread superficial infections such as vulvovaginal infections to life-threatening systemic candidiasis. For systemic mycoses, only a restricted arsenal of antifungal agents is available. Commonly used classes of antifungal compounds include azoles, polyenes, and echinocandins. Due to emerging resistance to standard therapies, significant side effects, and high costs for several antifungals, there is a need for new antifungals in the clinic. In order to expand the arsenal of compounds with antifungal activity, we previously screened a compound library using a cell-based screening assay. A set of novel benzimidazole derivatives, including (S)-2-(1-aminoisobutyl)-1-(3-chlorobenzyl)benzimidazole (EMC120B12), showed high antifungal activity against several species of pathogenic yeasts, including Candida glabrata and Candida krusei (species that are highly resistant to antifungals). In this study, comparative analysis of EMC120B12 versus fluconazole and nocodazole, using transcriptional profiling and sterol analysis, strongly suggested that EMC120B12 targets Erg11p in the ergosterol biosynthesis pathway and not microtubules, like other benzimidazoles. In addition to the marker sterol 14-methylergosta-8,24(28)-dien-3␤,6␣-diol, indicating Erg11p inhibition, related sterols that were hitherto unknown accumulated in the cells during EMC120B12 treatment. The novel sterols have a 3␤,6␣-diol structure. In addition to the identification of novel sterols, this is the first time that a benzimidazole structure has been shown to result in a block of the ergosterol pathway.
F
ungal infections represent a serious and currently unresolved health problem, especially in industrialized countries. Fungal infections account for ϳ17% of intensive care unit infections in Europe, and similar numbers are reported from the United States (1) (2) (3) . In addition, emerging resistance to commercially available antifungals has been reported (4, 5) . Treatment, especially of systemic infections, is accompanied not only by intermediate success rates but also by high costs (6) (7) (8) (9) . In addition, common non-lifethreatening superficial infections, such as recurrent vulvovaginal candidiasis, impose significant restrictions on patients, resulting in reduced quality of life. Due to the eukaryotic nature of fungal pathogens, well-tolerated antifungals are identified much less frequently than antibiotics targeting bacteria. Using an assay that mimics the smallest unit of a natural infection through incubation of the pathogen in the presence of host cells, we previously identified a benzimidazole, EMC120B12 [(S)-2-(1-aminoisobutyl)-1-(3-chlorobenzyl)benzimidazole] (10, 11) , with large antifungal effects even against resistant yeasts such as Candida krusei (12) . Our initial studies using transcriptional profiling indicated that the ergosterol pathway might be the target of the new compound. This was somewhat surprising, since benzimidazoles such as benomyl and nocodazole are known to target tubulin structures in eukaryotes, thereby blocking cell division (13, 14) . Clinically relevant ergosterol biosynthesis inhibitors include the allylamines (naftifine and terbinafine) inhibiting squalene epoxidase (Erg1p) for topical (e.g., tinea pedis) and systemic treatment, the azoles (fluconazole, posaconazole, and voriconazole, for example) inhibiting C14-demethylase (CYP51 or Erg11p) for local and systemic treatment, and one morpholine (amorolfine) inhibiting both C14-reductase (Erg24p) and ⌬ 8,7 -isomerase (Erg2p) for treatment of onychomycosis (15) (16) (17) .
To further analyze the mode of action of EMC120B12 and to identify its target, we performed a detailed comparative analysis on a genome-wide level, using transcriptional profiling in the presence and absence of the benzimidazole nocodazole, the azole fluconazole, and the benzimidazole EMC120B12. In addition, we analyzed the contents of individual sterols in Candida albicans and C. krusei strains after incubation with the drugs, in order to identify the precise target. Changes in sterol patterns, namely, accumulation of precursors and/or abnormal sterols, have been shown to allow the identification of the target enzyme(s) of ergosterol biosynthesis inhibitors. For this purpose, our recently developed whole-cell assay, employing liquid-liquid extraction and gas chromatography-ion trap mass spectrometry (GC-IT-MS), was used (16) . Interestingly, under treatment with EMC120B12, not only the marker sterol for C14-demethylase inhibition, i.e., 14-methylergosta-8,24(28)-dien-3␤,6␣-diol (compound 4), but also hitherto unknown related sterols accumulated in C. krusei and C. al-bicans. Fluconazole showed the same effect but only at a much higher concentration. The highly similar sterol patterns after incubation with EMC120B12 and fluconazole and the highly similar transcriptional profiles strongly suggest that the compounds act on the same target, namely, Erg11p.
MATERIALS AND METHODS
Strains and media. The Candida strains used in this study included clinical isolates of C. albicans SC5314 (18) , with low MICs of 1 g/ml for fluconazole and 0.125 g/ml for EMC120B12, and the previously described strain Can741 (C. albicans 971), with MICs of 32 g/ml for fluconazole and 8 g/ml for EMC120B12, and clinical isolates of C. krusei (CK201 and CK242), both showing intrinsic resistance against fluconazole (MICs of 32 g/ml) but exhibiting low MICs for EMC120B12 (MICs of 1 g/ml). All MICs for each strain used in this work were determined as reported previously by us (11), according to EUCAST guidelines (19) . Yeast strains were cultured overnight in yeast extract-peptone-dextrose (YPD) medium containing 2% glucose (Difco), from glycerol stock cultures, or were plated onto YPD agar plates (2% Bacto agar; Difco) for 48 h at 30°C and then transferred into the respective medium, if required.
Tubulin staining. The mitotic spindles in proliferating Candida cells were analyzed by immunofluorescence according to the method described by Kilmartin and Adams (20) , with some modifications. Cells were inoculated (optical density at 600 nm [OD 600 ] of 0.2) and grown to an OD 600 of 0.5, and then a test compound (nocodazole at 7.5 g/ml, fluconazole at 0.5 g/ml, or EMC120B12 at 0.1 g/ml) or the control (dimethyl sulfoxide [DMSO]) was added for another 2.5 h. Antitubulin antibody (YOL1/34; Abcam) and DyLight 488-labeled secondary antibodies (Abcam) were incubated with cells for 1 h each, at room temperature, and the cells were washed at least three times after antibody incubation. Staining with 4=,6-diamidino-2-phenylindole (DAPI) (Invitrogen) was performed according to the manufacturer's instructions, before microscopic images were obtained.
Cultivation of C. albicans SC5314 for DNA microarray experiments. To compare the effects of EMC120B12, fluconazole, and nocodazole on the transcriptome of C. albicans, 100 ml RPMI 1640 medium (Invitrogen, Karlsruhe, Germany) with 10% fetal calf serum (FCS) (Gibco Life Technologies GmbH, Karlsruhe, Germany) was inoculated with C. albicans SC5314 from an overnight culture (in 10 ml YPD medium [containing 1% yeast extract, 2% Bacto peptone, and 2% glucose] at 30°C), to an OD 600 of 0.4, and cells were grown for 3 h at 37°C, with or without the amount of test compound corresponding to the 50% inhibitory concentration (IC 50 ). Cells were centrifuged (1,200 ϫ g for 3 min), and the supernatant was discarded. Subsequently, cells were resuspended in the remaining 500 l of YPD medium and dropped into liquid N 2 , to generate cell beads for RNA isolation. The experiments were performed in triplicate.
Experimental design. In total, three biological replicates were performed with each drug. All experiments were managed as dye swaps. Hybridization experiments included an untreated reference sample and a sample of cells treated with EMC120B12, fluconazole, or nocodazole.
Printing and processing of whole-genome DNA microarrays. Wholegenome C. albicans SC5314 DNA microarrays were printed as described previously (11) . For data analysis, a "gal file" was produced using TAS Application Suite software (version 2.7.1.18; Genomic Solutions, Huntingdon, United Kingdom) (11) . To avoid nonspecific binding, wholegenome C. albicans SC5314 DNA microarrays were blocked as described previously (11) .
RNA handling and hybridization. RNA isolation, preparation for microarray analysis, and hybridization were performed exactly as described previously (11) .
Scanning process. Completely dried DNA microarrays were scanned using a GenePix 4300A microarray scanner (Molecular Devices, Sunnyvale, CA) (resolution, 10 m; photomultiplier [PMT] setting, auto-PMT). Pictures of both channels were saved as 16-bit TIFF files. Data analysis. Raw data were created using Molecular Devices GenePix Pro 7.0 imaging software (Molecular Devices, Sunnyvale, CA). The data were statistically analyzed using R software (version 2.10.1), the Limma package (version 3.2.1), and the StatMod package (version 1.4.2) (21, 22), as described previously (11, (22) (23) (24) (25) . Background correction was performed using the "normexp" method, with an offset of 50 (26) . The data were normalized with "print-tip-loess" normalization (27) . Spots that were classified as not found by the image analysis software were ignored for fitting of the linear model. Multiple-hypothesis testing was performed (28, 29) . Genes were regarded as differentially expressed and were investigated when the adjusted P values were 0.05 (therefore nominally controlling the expected false discovery rate [FDR] to less than 0.05) and the genes showed at least 2-fold upregulation or downregulation. More than 80% of all genes were detectable in the arrays with very high reproducibility, reflecting the high quality of the arrays.
Sterol analysis. (i) Cultivation and extraction of cells. The Candida spp. selected were treated with several different concentrations of the test compounds EMC120B12 and fluconazole, as indicated below, and with nocodazole at 7.5 g/ml. The concentrations of the compounds were chosen on the basis of the resistance characteristics of the isolates selected, i.e., the MICs determined with the EUCAST test (11) . All compounds were dissolved in DMSO at concentrations that required a maximum of 10 l to be added to the medium. The strains were grown in 24-well plates, with a final volume of 2 ml. The cell culture plates were inoculated with 10 7 cells and then incubated with the compounds for 48 Ϯ 2 h at 30°C, without shaking. The analysis was performed with at least two biological replicates. After cultivation in the presence or absence of antifungal compounds, the cells were pelleted at 10,000 ϫ g for 5 min, the supernatant was discarded, and the pellet was washed twice using 1 ml of phosphatebuffered saline (PBS). To the pellet, 1 ml of 2 M NaOH was added. The suspension was sonicated for 5 min, to separate cells adhering to each other. The suspensions were transferred into 4-ml glass vials with Teflon septa, and the vials were flooded with N 2 and closed tightly. The sealed vials were incubated for 1 h at 70°C, in order to break the cells and to saponify the sterol esters, and the suspensions were transferred into 2-ml micro-test tubes. The glass vials were rinsed with 700 l tert-butyl methyl ether (TBME) (Sigma-Aldrich, Steinheim, Germany) and combined with the lysed cell suspensions. Each suspension received 50 l internal standard (cholestane, 10 mg/liter; Sigma-Aldrich, Steinheim, Germany) and was shaken vigorously for 1 min. The mixture was then centrifuged at 10,000 ϫ g for 5 min, resulting in two separated phases. The upper organic phase was carefully removed and transferred to a new microcentrifuge glass vial, which contained 40 Ϯ 5 mg of a 7:1 mixture of anhydrous Na 2 SO 4 and primary secondary amine (PSA) for dispersive solid-phase extraction (dSPE) (Agilent Technologies, Waldbronn, Germany). The extraction was repeated with 750 l of TBME, and the combined organic phases were shaken for at least 1 min with the PSA mixture, which removed interfering sugar and fatty acid residues. After centrifugation for 5 min at 10,000 ϫ g, approximately 1 ml of the supernatant from each sample was transferred to a 1.5-ml brown glass autosampler vial. The samples were dried in a SpeedVac vacuum concentrator for 20 min. Each residue was dissolved in 950 l of TBME, and 50 l of the N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA)/N-trimethylsilylimidazole (TSIM) (9:1) silylation reagent mixture (Macherey-Nagel, Düren, Germany) was added. The samples were gently shaken and maintained at room temperature for at least 30 min, for completion of the silylation reaction, before being subjected to GC-IT-MS analysis.
(ii) GC-IT-MS. The gas chromatograph (CP3800)-ion trap mass spectrometer (2100; Varian, Darmstadt, Germany) had the following settings: injector temperature, 250°C; injection volume, 1 l (splitless time, 1 min). The stationary phase was a 30-m VF-5ms capillary column with a 10-m EZ-Guard column (Agilent, Waldbronn, Germany), with an inner diameter of 0.25 mm and a film thickness of 0.25 m. The mobile phase was helium (99.999%) delivered at a constant flow rate of 1.4 ml/min. The transfer line temperature was 270°C, and the ion trap temperature was 200°C. The GC oven started at 50°C and ramped up to 260°C (heating rate, 50°C/min), followed by a gradient of 4°C/min up to 310°C, with a hold time of 1 min. The total run time was 18.7 min. The mass spectrometer operated in 3 segments. In the first segment (solvent cutoff), the mass spectrometer was switched on after 9 min. In the second segment, the mass spectrometer scanned from m/z 50 to m/z 450. In the last segment, the mass spectrometer scanned from m/z 100 to m/z 650 (with electron ionization at 70 eV). Data analysis and instrument control were performed with Varian Workstation 6.9 SP 1 software (Varian, Darmstadt, Germany). The sterols were analyzed as trimethylsilyl (TMS) ethers. The sterol TMS ethers were identified by their mass spectra and relative retention times (RRTs), according to the method described by Müller et al. (16) .
Microarray data accession number. The microarray data were deposited in GEO under accession number GSE64976.
RESULTS
Antifungal properties of EMC120B12. EMC120B12 is a novel benzimidazole derivative that was identified by us previously (11) and showed high antifungal activities against the major Candida species, including C. albicans, Candida glabrata, Candida tropicalis, Candida parapsilosis, and C. krusei, of which C. krusei is especially notorious for showing high-level resistance to azoles. In our previous publication, we demonstrated that EMC12B12 showed only limited toxicity for three mammalian cell lines tested. HeLa cells showed the greatest sensitivity to EMC120B12 (IC 50 , 62.5 M), whereas A549 and CHO-K1 cells showed lower sensitivity (IC 50 , 125 M). With an average EMC120B12 MIC for C. albicans (61 C. albicans isolates tested according to EUCAST guidelines [19] ) of 1.1 g/ml, the selectivity/toxicity index (IC 50 in mammalian cells/MIC) was determined to be between 57 and 114. In order to identify the mode of action of EMC120B12, we performed detailed comparative analyses on both a genome-wide level and a biochemical level, using transcriptional profiling and sterol analysis, respectively.
Transcriptional analysis. As shown in Table 1 , the strain incubated with fluconazole showed a profile highly similar to the profile identified in the presence of EMC120B12. In both cases, genes encoding enzymes required for ergosterol biosynthesis were most prominently induced. In total, 13 genes directly involved in ergosterol biosynthesis, plus the regulatory factor UPC2, were induced to almost identical levels in SC5314 cells incubated with EMC120B12 or with fluconazole. For these genes, no changes in expression levels were observed in the presence of nocodazole. Gene ontology (GO) term analysis (http://www.candidagenome .org/cgi-bin/GO/goTermFinder) confirmed this finding, as it revealed a clustering of differentially regulated genes associated with the ergosterol biosynthetic process for EMC120B12 (cluster frequency, 28.9%; background frequency, 0.4%), as well as for fluconazole (cluster frequency, 32.3%; background frequency, 0.4%). In contrast, comparing the profiles of EMC120B12 and fluconazole with that of the benzimidazole nocodazole showed no significant similarity. In the presence of nocodazole, genes related to amino acid metabolism were slightly affected (arginine metabolic process; cluster frequency, 5.7%; background frequency, 0.2%); however, genes required for ergosterol biosynthesis were not induced significantly (Table 1) . Thus, comparison of the responses of C. albicans to EMC120B12 and fluconazole versus the response to the benzimidazole nocodazole indicates distinct targets. These data can be found in Table 1 .
The differences in the actions of nocodazole and EMC120B12 on C. albicans could be confirmed by analyzing the tubulin structures of mitotic spindles in vivo in the presence and absence of all three compounds. As shown in Fig. 1 , EMC120B12 and fluconazole had no effect on the formation of mitotic spindles in the cells. As expected, however, nocodazole completely blocked formation of the tubulin spindle. These results confirmed, both on a transcriptional level and by cell biological methods, that the benzimidazole EMC120B12, in contrast to other benzimidazoles such as nocodazole, had no detectable effect on tubulin structures. Instead, the similarity of the transcriptional profiles for fluconazole and EMC120B12 strongly suggested the ergosterol pathway as a common target. Analysis of sterol patterns to determine the target enzyme of EMC120B12. In a biochemical approach, we analyzed the sterol patterns for more susceptible and resistant isolates of C. albicans and C. krusei isolates in the presence and absence of the three compounds EMC120B12, fluconazole, and nocodazole. Analysis of the changes in the sterol patterns upon incubation with potential antifungal compounds is a highly efficient method for identification of a defined target enzyme. To identify the target enzyme of EMC120B12, we analyzed the inhibitory effects of EMC120B12 on the distal ergosterol biosynthesis pathway, in which eight distinct enzymes are involved in the conversion of lanosterol to ergosterol (16, (30) (31) (32) . Treatment with ergosterol biosynthesis inhibitors leads, depending on the target enzyme, to accumulation of typical ergosterol precursors, e.g., lanosterol (compound 1) (inhibition of C14-demethylase) and/or aberrantly formed sterols such as lichesterol (inhibition of sterol ⌬ 8/7 -isomerase) or 14-methylergosta-8,24(28)-dien-3␤,6␣-diol (compound 4; inhibition of C14-demethylase) (Fig. 2) (16, (33) (34) (35) (36) (37) (38) . We used the GC-IT-MS technique to analyze the sterol patterns of selected C. albicans and C. krusei strains after incubation with EMC120B12, and we compared the results with those obtained with fluconazole and nocodazole ( Fig. 3 and 4) . Sterol patterns were analyzed for clinical isolates of C. albicans with low MICs (SC5314) (Fig. 4A1 to A6) and resistance against fluconazole (Can741) (Fig. 4B1 to B6 ), as well as in clinical isolates of C. krusei (CK201 and CK242) that showed intrinsic resistance to fluconazole but low MICs for EMC120B12 (CK201 is shown in Fig. 4C1 to C6) (11) . Since azoles such as fluconazole are known to be fungistatic, rather than fungicidal, concentrations higher than the MIC were used. In the following paragraphs, we first describe the identification of the isolated sterols by GC-MS. Both MS data and chromatographic data (retention times) were needed to assign structures to the sterols. After assigning the structures, we describe the observed effects of the three compounds on the sterol patterns of the Candida isolates mentioned above.
Identification of accumulating sterols by mass spectrometry. For correlation of the MS data and the structures of the individual sterols isolated, literature data were extensively used. Furthermore, as outlined below, chromatographic data were included in the identification of the structures of the isolated sterols. On the basis of comprehensive analytical data in the literature, the sterols 4 (39, 40) and 2 (41-43) were identified unambiguously (Fig. 2) . The mass spectrum of the bis-TMS ether of the known diol 4, the marker sterol for inhibition of Erg11p, showed a marginal molecular peak ( (Fig. 3) . The relative retention time (RRT) was 1.43 (Table 2 ; see also Fig. 4 ).
The mass spectrum of sterol 5 was very similar to that of sterol 4. This is typical for sterols differing only in the double bond positions of C7 (8) and C8(9) (16, 44) . Therefore, sterol 5 was identified as 14-methylergosta-7,24(28)-dien-3␤,6␣-diol. This assignment was confirmed by RRT considerations (see below). An additional double bond could be located in the side chain, giving a C22(23)-C24(28) diene system but with the consequence of having a fully saturated steroid backbone. However, there is no suitable enzymatic reaction in the ergosterol biosynthesis pathway that could manage the saturation of the sterol backbone. Furthermore, the fragmentation of the sterol 14-methylergosta-22,24(28)-dien-3␤,6␣-diol should differ strongly from the observed fragmentation of sterol 4, due to the doubly unsaturated side chain (compare this with compound 6, with a strong frag- ment of m/z 123). The only meaningful alternatives to the postulated structure of 14-methylergosta-7,24(28)-dien-3␤,6␣-diol (compound 5) are 14-methylergosta-8,22-dien-3␤,6␣-diol (compound 7) and 14-methylergosta-7,22-dien-3␤,6␣-diol (compound 11). Both of these options fail on the basis of the mass spectrum (see below) ( Fig. 3 ) and RRT considerations ( (36) . The only remaining alternative structure for compound 7 was 14-methylergosta-7,22-dien-3␤,6␣-diol (compound 11), which was excluded by RRT analysis (see below).
The [M] ϩ ion at m/z 570 of the bis-TMS ether of compound 6 indicated an additional double bond, compared to compounds 4, 5, and 7. The fragmentation sequence of this sterol was less abundant, because there was a very strong base peak at m/z 123, equivalent to a doubly unsaturated side chain. As mentioned above, ⌬ 7 - and ⌬ 8 -sterols show virtually the same fragmentation; therefore, the observed sterol could be either 14-methylergosta-7,22,24(28)-trien-3␤,6␣-diol (compound 9) or 14-methylergosta-8,22,24 (28)-trien-3␤,6␣-diol (compound 6). RRT analysis clearly indicated the structure 14-methylergosta-8,22,24(28)-trien-3␤,6␣-diol (compound 6; see below).
According to the identification of 3␤,6␣-diol sterols, the structure of compound 16 was confirmed by comparing its mass spectrum and RRT with those of the known sterol 4,4,14-trimethylergosta-8,24(28)-dien-3␤-ol (eburicol, compound 2). The proposed structure of compound 16 is 4,4,14-trimethylergosta-7,22-dien-3␤-ol, but there are two more theoretical structures, namely, 4,4,14-trimethylergosta-7,24(28)-dien-3␤-ol (compound 18, not shown in Fig. 2 ) and 4,4,14-trimethylergosta-8,22-dien-3␤-ol (compound 15). Sterol 18, containing a C7(8) double bond in ring B, was not considered in Fig. 2 because the enzyme sterol ⌬ 8/7 -isomerase does not accept 4,4-dimethyl sterols such as eburicol (compound 2) or lanosterol (compound 1) as substrates (16, 40, (45) (46) (47) . Structure 15 was excluded on the basis of chromatographic data (see below).
Analysis of chromatographic data. A well-established tool in GC analysis is the use of retention indices and the application of functional group increment rules (48, 49) . This allows the precise
FIG 2 Sterol biosynthesis pathway after inhibition of sterol C14-demethylase (encoded by ERG11).
Enzyme A, sterol C14-demethylase (ERG11); enzyme B, sterol C24-methyltransferase (ERG6); enzyme C, sterol C4-demethylase (ERG25, ERG26, and ERG27); enzyme D, sterol C5-desaturase (ERG3); enzyme E, sterol ⌬ 8(7) -isomerase (ERG2); enzyme F, sterol C22-desaturase (ERG5); enzyme G, ⌬ 24(28) -reductase (ERG4). Compound 1, lanosta-8,24-dien-3␤-ol (lanosterol); compound 2, 4,4,14-trimethylergosta-8,24(28)-dien-3␤-ol (eburicol); compound 3, 14-methylergosta-8,24(28)-dien-3␤-ol (14-methylfecosterol); compound 4, 14-methylergosta-8,24(28)-dien-3␤,6␣-diol; compound 5, 14-methylergosta-7,24(28)-dien-3␤,6␣-diol; compound 6, 14-methylergosta-8,22,24(28)-trien-3␤,6␣-diol; compound 7, 14-methylergosta-8,22-dien-3␤,6␣-diol; compound 8, 14-methylergosta-8-en-3␤,6␣-diol; compound 9, 14-methylergosta-7,22,24(28)-trien-3␤,6␣-diol; compound 10, 14-methylergosta-7-en-3␤,6␣-diol; compound 11, 14-methylergosta prediction of chromatographic behavior for clusters of closely related compounds. In our investigation, all analyses of sterols were carried out under identical conditions; therefore, the relative retention times (RRTs) determined relative to the internal standard cholestane (RRT, 1.00) were comparable. Analysis of RRTs of relevant known sterol TMS ether pairs (Table 3 ) allowed conclusions to be drawn regarding the structures of unknown sterol TMS ethers. The absolute retention times for specific sterols were reproducible, varying by less than 1% in one batch. Shifts of RRTs (always in the same direction for all sterols in the batch) were not greater than Ϯ0.02 over a period of Ͼ1 year. In our case, the novel sterols differ only in the number of double bonds (two or three) (SC5314, sensitive) ; (A1) control; (A2) nocodazole at 7.5 g/ml; (A3) EMC120B12 at 0.5 g/ml; (A4) fluconazole at 0.5 g/ml; (A5) EMC120B12 at 2 g/ml; (A6) fluconazole at 2 g/ml. (B1 to B6) Candida albicans Can741 (resistant); (B1) control; (B2) nocodazole at 7.5 g/ml; (B3) EMC120B12 at 2 g/ml; (B4) fluconazole at 2 g/ml; (B5) EMC120B12 at 16 g/ml; (B6) fluconazole at 32 g/ml. (C1 to C6) WT Candida krusei (CK201); (C1) control; (C2) nocodazole at 7.5 g/ml; (C3) EMC120B12 at 2 g/ml; (C4) fluconazole at 2 g/ml; (C5) EMC120B12 at 16 g/ml; (C6) fluconazole at 256 g/ml. (28)]. The following ⌬RRT rules were observed: (i) the shift of a double bond from C7(8) to C8 (9) leads to an increase in RRT of ϩ0.04, (ii) the shift of a double bond from C24(28) to C22(23) leads to an increase in RRT of ϩ0.07, (iii) the introduction of a second double bond in the side chain at C24(28), next to an existing double bond at C22(23), leads to an increase in RRT of ϩ0.04, and (iv) saturation of the double bond at C22 (23) next to an existing double bond at C24(28) leads to an increase in RRT of ϩ0.03. This chromatographic behavior of the sterol TMS ether pairs is in line with literature findings (36, 44, 50) . On the basis of the RRTs of the known compounds 14-methylergosta-8,24(28)-dien-3␤,6␣-diol (compound 4) and 4,14-trimethylergosta-8,24(28)-dien-3␤-ol (eburicol, compound 2), the RRTs of all other detected sterols in Fig. 2 and Table 2 could be calculated with our ⌬RRT rules. The detected RRTs of known sterols 2 and 4 were also calculated, in order to confirm the reliability of our approach. The differences between the calculated RRT and the detected RRT were marginal in all cases. With this additional information, the novel sterols were identified using mass spectra and RRT data.
Sterol 5 had a RRT of 1.47 (calculated RRT, 1.49); significantly shorter RRTs were calculated for the other sterols, i.e., 1.36 for sterol 7 and 1.40 for sterol 11. Consequently, sterol 5 was determined to be 14-methylergosta-7,24(28)-dien-3␤,6␣-diol.
The RRTs of ⌬ 7,22 -and ⌬ 7,24 -sterols are significantly different (16) . Sterol 7 showed exactly the calculated RRT of 1.36. For the only alternative based on MS data (sterol 11), a RRT of 1.40 was calculated. Therefore, sterol 7 was identified as 14-methylergosta-8,22-dien-3␤,6␣-diol.
RRTs allow the correct allocation of double bonds in the sterol backbone (Tables 2 and 3) . Therefore, sterol 6 was determined to be definitely 14-methylergosta-8,22,24(28)-trien-3␤,6␣-diol (calculated RRT, 1.41; detected RTT, 1.39), and the alternative structure 14-methylergosta-7,22,24(28)-trien-3␤,6␣-diol (compound 9) (calculated RRT, 1.44) was excluded.
For the observed 4,4,14-trimethyl structure, three sterol structures were considered, namely, 4,4,14-trimethylergosta-7,22-dien-3␤-ol (compound 16), 4,4,14-trimethylergosta-7,24(28)-dien-3␤-ol (compound 18, not shown in Fig. 2) , and 4,4,14-trimethylergosta-8,22-dien-3␤-ol (compound 15). The detected RRT of 1.48 fit very well for structure 16 (calculated RRT, 1.49); structures 15 (calculated RRT, 1.45) and 18 (calculated RRT, 1.55) were excluded on the basis of their calculated RRTs. Consequently, sterol 16 was identified as 4,4,14-trimethylergosta-7,22-dien-3␤-ol.
The novel sterols (compounds 5, 6, and 7) and sterol 16 were integrated into an extended ergosterol biosynthesis pathway under Erg11p inhibition (Fig. 2) . All detected sterols are shown in blue in Fig. 2 , whereas postulated sterols that are obvious but not detected intermediates are shown in black.
Effects of EMC120B12, fluconazole, and nocodazole on sterol patterns. The benzimidazole derivative nocodazole (7.5 g/ ml) showed no effect in the postlanosterol part of ergosterol biosynthesis, as expected. No accumulation of ergosterol precursors or aberrantly generated sterols was detected (Fig. 4A2,  B2 , and C2), compared to untreated control samples (Fig. 4A1,  B1 , and C1).
The chromatograms in Fig. 4A3 to A6 show the effects of fluconazole and EMC120B12 treatment on wild-type (WT) C. albicans (SC5314, azole sensitive). In the absence of an antifungal compound (Fig. 4A1) , mainly ergosterol (compound 13), with small amounts of lanosterol (compound 1) and 4,4,14-trimethy- lergosta-8,24(28)-dien-3␤-ol (eburicol, compound 2), could be detected. As expected, in the presence of fluconazole at 0.5 g/ml (Fig. 4A4 ) or 2 g/ml (Fig. 4A6) , depletion of ergosterol (compound 13) was observed and the levels of the ergosterol precursors compound 1, compound 2, and 14-methyl-ergosta-8,24(28)-dien-3␤,6␣-diol (compound 4) increased significantly. Sterol 4 is not normally present in cells and is considered a marker sterol for C4-demethylase inhibition (16, 34, 35) . For EMC120B12 (Fig. 4A3 and A5 ), we found changes in the sterol pattern of C. albicans SC5314 very similar to those observed in the presence of fluconazole (Fig. 4A4 and A6) . With identical inhibitor concentrations of 0.5 g/ml (Fig. 4A3 and A4 ), EMC120B12 treatment led to significantly greater accumulation of compound 4 than did fluconazole treatment. Only at a higher concentration of 2 g/ml did fluconazole show the same quantitative results as observed for EMC120B12 at both 0.5 g/ml and 2 g/ml. In general, lower levels of ergosterol (compound 13) were detected in the samples treated with EMC120B12. Furthermore, both inhibitors led to slight accumulation of other C14-methylated sterols, including 14-methylergosta-8,24(28)-dien-3␤-ol (compound 3), 14-methylergosta-8,22-dien-3␤,6␣-diol (compound 7), and 4,4,14-trimethylergosta-7,22-dien-3␤-ol (compound 16). Sterol 7 is one of three novel sterols (compounds 5, 6, and 7) with a 3␤,6␣-diol structure identified in this investigation, and sterol 16 is similar to 4,4,14-trimethylergosta-8,24(28)-dien-3␤-ol (eburicol, compound 2) (see above) ( Fig. 2 and 3) . Fan et al. (51) detected two ergosterol precursors with 4,4,14-trimethyl structures during the course of characterization of the sterol C14-demethylase of Fusarium graminearum; one of those described sterols probably is compound 16, but no MS data were provided by the authors.
For the azole-resistant C. albicans strain Can741 (Fig. 4B3 to  B6 ), much higher concentrations of fluconazole (32 g/ml) (Fig.  4B6 ) and EMC120B12 (16 g/ml) (Fig. 4B5) were necessary to produce visible changes in the sterol pattern. Treatment with 2 g/ml EMC120B12 (Fig. 4B3) led to an ϳ50% reduction in the level of ergosterol (compound 13) but only small increases in the levels of C14-methylated sterols (compounds 2 and 4). The amounts of lanosterol (compound 1) were almost unchanged in all samples (Fig. 4B3 to B6 ).
The chromatogram in Fig. 4B5 shows strong accumulation of compound 4 and weak accumulation of compounds 16 and 2, compared to that in Fig. 4B3 . The sterol ratio pattern in Fig. 4B5 is similar to that in Fig. 4A3 . With fluconazole treatment at 32 g/ml (Fig. 4B6) , sterol biosynthesis was suppressed almost completely but no shift to 3␤,6␣-diol sterols occurred, compared to Fig. 4B4 . Only weak formation of sterol 16 was observed.
For WT C. krusei (CK201) (Fig. 4C1 to C6 ), much higher concentrations of fluconazole were required to reduce the amounts of ergosterol (compound 13) in the cells, as expected. Interestingly, already at a concentration of 2 g/ml EMC120B12, accumulation of nonphysiological sterols was observed in C. krusei (Fig. 4C3) , corresponding to the MIC of 1 g/ml. The corresponding fluconazole incubation had almost no impact on the sterol composition in the C. krusei isolate used (Fig. 4C4) . However, fluconazole yielded a sterol pattern comparable to that in Fig. 4C3 at a very high concentration (256 g/ml) (Fig. 4C6) , beyond pharmacological relevance. Also, with a concentration of 16 g/ml EMC120B12, the amount of ergosterol (compound 13) was clearly reduced in Fig. 4C5, compared to Fig. 4C3, C4 , and C6.
Coelution of 14-methylergosta-8,22,24(28)-trien-3␤,6␣-diol (compound 6) and sterol 3 could not be excluded for Fig. 4C5 . The main component of peak 3 in Fig. 4C3 and C5 is the 3␤,6␣-diol sterol 6, a sterol not found in C. albicans.
Interestingly, Candida krusei (CK242) showed one additional 3␤,6␣-diol sterol with EMC120B12 at Ͼ4 g/ml, namely, 14-methylergosta-7,24(28)-dien-3␤,6␣-diol (compound 5) (Fig. 4  and 5 ). The identification of the novel sterols 5, 6, and 7 and the rarely observed sterol 16 is described in detail above. For all characteristic peaks in the chromatograms in Fig. 4 and 5, the respective mass spectra are given in Fig. 3 .
The results given in Fig. 4 and their analysis show that the sterol patterns resulting from incubation with EMC120B12 and fluconazole are very similar; they differ only in the inhibitor concentrations required for the individual strains. This strongly indicates that the two compounds have the same target, Erg11p. Consequently, the benzimidazole EMC120B12 is an inhibitor of the enzyme sterol C14-demethylase, like the triazole fluconazole and the new triazoles posaconazole and voriconazole.
DISCUSSION
In this work, we analyzed the mode of action of a novel potential antifungal drug, (S)-2-(1-aminoisobutyl)-1-(3-chlorobenzyl) benzimidazole (EMC120B12). This compound was identified from a compound library, using a cell-based assay (activityselectivity assay) that simultaneously analyzed both the antifungal activity and the compatibility with human cells (11) . EMC120B12 showed high levels of antifungal activity against pathogenic yeasts (including C. glabrata and C. krusei), which are known to be highly resistant to antifungals, especially the commonly used azoles. Initial studies based on transcriptional profiling of C. albicans in the presence and absence of EMC120B12 indicated that the compound might affect the ergosterol biosynthesis pathway. A precise target was not identified, however, and comparisons with other antimycotics were not performed previ- ously. The fact that EMC120B12 belongs to the benzimidazole class would point to targeting of microtubule formation. To clarify this, we performed both biochemical and genome-wide studies to pinpoint the target of EMC120B12.
Comparison of the transcriptional profiles of C. albicans in the presence of EMC120B12 (benzimidazole), fluconazole (triazole), and nocodazole (benzimidazole) clearly showed that the profiles for EMC120B12 and fluconazole were very similar, including activation of 13 genes with direct functions in the ergosterol biosynthesis pathway and the regulator of the ergosterol pathway, UPC2. Very similar responses to fluconazole and EMC120B12 also were observed for differentially regulated genes not connected to the ergosterol pathway. Only minor overlap was noted for nocodazole, however, mostly reflecting common stress response genes (Table 1) , which indicates different modes of action. This was supported by the observation that incubation with EMC120B12 did not show an effect on microtubule formation, similar to fluconazole, whereas nocodazole completely blocked the generation of tubulin structures (Fig. 1) . Therefore, the benzimidazole EMC120B12 clearly does not target microtubular structures, and the results of the transcriptional profiling strongly suggest a target within the ergosterol biosynthesis pathway.
To analyze further the mode of action of EMC120B12 and to identify the target enzyme of this lead compound, we performed a biochemical analysis of the sterol patterns in Candida cells treated with EMC120B12, fluconazole, and nocodazole. The data obtained provide evidence that the enzyme sterol C14-demethylase, Erg11p, is the target of EMC120B12, since the compound generates a sterol pattern in Candida almost identical to that observed for Candida treated with the known C14-demethylase inhibitor fluconazole.
Previous studies on the mode of action of azoles showed that lanosterol (compound 1) and especially 14-methylergosta-8,24(28)-dien-3␤,6␣-diol (compound 4) are marker sterols for inhibition of the enzyme sterol C14-demethylase, encoded by ERG11 (34). 14-Methylergosta-8,24(28)-dien-3␤,6␣-diol has been reported as fungistatic (35) . Decreases in ergosterol as an essential cellular membrane component and increases in aberrantly formed sterols (e.g., compounds 1 and 4) have been shown to interfere significantly with the fitness of fungi (15, 45) . The formation of compound 4 is catalyzed by the enzyme sterol C5-desaturase (encoded by ERG3) (38) . In fungi, defective sterol C5-desaturase leads to resistance to azoles (15, 34, 45) . Most likely, production of fungistatic 3␤,6␣-diols does not take place in resistant strains.
In previous projects, we analyzed the sterol patterns of other azole-treated fungi (e.g., Aspergillus fumigatus, Aspergillus flavus, Candida glabrata, Saccharomyces cerevisiae, and Yarrowia lipolytica) (16) . In this study, we used the same procedures for sample preparation, with no chemical modifications during sample preparation. Our results showed that EMC120B12 and fluconazole changed the sterol patterns in the same manner. Both lanosterol (compound 1) and 14-methylergosta-8,24(28)-dien-3␤,6␣-diol (compound 4) strongly accumulated in SC5314 cells, with low MICs for azoles (Fig. 4A3 to A6 ), during treatment with EMC120B12 or fluconazole, whereas nocodazole had no effect on the sterol pattern (Fig. 4A2, B2, and C2 ). In addition, eburicol (compound 2), a precursor of compound 4 generated from accumulating lanosterol (compound 1) by the action of the enzyme sterol C24-methyltransferase (encoded by ERG6), was detected. Most interestingly, in addition to the known set of sterols, we identified three novel sterols that were detected for the first time in C. albicans and C. krusei. Sterols 5 and 6 were exclusively detected in C. krusei. These sterols might contribute to the improved efficacy of EMC120B12, at moderate concentrations, against this resistant yeast.
The effects of EMC120B12 on sterol biosynthesis, on both a transcriptional level and a biochemical level, mimic those of fluconazole, strongly indicating that EMC120B12 targets Erg11p, as do the azoles. This is manifested also by the presence of the marker sterol 4, which in other species has been shown to result from a block of Erg11p. In addition, three novel atypical 3␤,6␣-diol sterols (compounds 5, 6, and 7) could be identified; to our knowledge, these sterols have not been characterized previously. Although EMC120B12 targets the same enzyme as do the azole antifungals, it is worth exploiting due to its high level of efficacy against resistant yeasts such as C. krusei and C. glabrata. Therefore, these results support EMC120B12 as a promising candidate for further development as a potential antifungal agent.
